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Offshore Earthquake Geotechnology - Second Part
P.B. Seines
Norwegian Geotec hnical Institute, O slo , N orway

SYNOPSIS This second part of the paper discusses submarine slides a nd accoustlc waves from earthquakes, a nd gives a general overview of aseismic design procedures. Problems which are specific or
especially important for the offshore environment are pointed out and discussed in more detail .

INTRODUCTION

The record of submarine slides in the lite r ature
is quite extensive (Moore , 1978 ; Embely and
Jacobi , 1977 ). Several of these reported slides
have been caused by earthquakes . Table I shows
historic slides known to have been triggered by
earthquakes. Several older slides discovered by
geophysical surveys may also most easily be explained by earthquake trigger mechanisms (Bugge
et al. , 1979) .

Several e x cellent state-of-the-art papers have
recently deal t with the topics contained within
t h e broad scope of this title. To the writer ' s
knowledge , however, this is t h e first time offshore earthquake geotechnology is t r eated specifically , and t h is presentation , therefore ,
att empt s to give a general outline of the problems encountered of£shore compared to onsho r e,
together with a n overview of analytical and
design procedur es applicable fo r offshore use .
The fi r st part of the paper , published in the
s econd volume of con ference proceedings, gave
an overview of the problems; this second part
d i scu s ses design and analytical procedures.

TABLE I.

Subma r ine slides triggered by ear thquakes

Du e to the writer ' s background, much of t he
discussion will be related to gravity struc t u res and North Sea conditions .

SUBMARI NE SLIDES
The dimen sions of submarine slides may be quite
impr essive , deposits from the Spanish Saharan
slide covered about 30 000 km2 , and the debris
travelled severa l hundred kilometers over a
slope as low as 0.1° from an initial slope of
1. so , Fig . 1 (Embley , 1975 , 1 976) .
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Given an offshore structure in a region were
slides may occur , the three main questions t h e
designer should try to answer are:
1.

Are there any slopes near the structure
which may £ail if the design earthquake
occurs?

2.

If a slope fails , what is the run out distance? - will the slide reach the structure?
The answer to this quest1on will also deter mine the extent of the area around the
structure where the slope stability should
be evaluated.

3.

Fig. 1.

Tf a slide reaches the structure, what are
the forces against the structure?

Recent reviews of ava ilabl e methods for submarine slope s t ability analysis are p r esented in
Edger s and Ka rls rud (198 0 ) and Karlsrud and

The Sp ani s h Sahar a n slide (Embley and
Jacob i , 1 9 77)
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Edgers (1981). Bea et al. (1980) in their
paper on wave-induced slides include estimates
of forces against piled structures due to sliding.
Slope Stability
A first important step in the evaluation of
submarine slope stability is the geophysical
survey. The presence or nonpresence of previous slides in an area gives a good indication
of the likelyhood for new slides. However, in
such evaluations, the possibility that erosion
and deposition have removed signs of previous
slides must be considered.
A theoretical analysis of submarine slope stability involves the following steps:
1.

Morgenstern (1967) first considered the effects
of horizontal earthquake accelerations of marine
slopes in an undrained total stress analysis.
Plotted in Figure 3 are his results for slope
angles at which failure takes place versus undrained strength and density of the sediment,
and horizontal earthquake acceleration.
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Earthquake design forces
The earthquake loading may be specified
either by an equivalent static force
(pseudo-static coefficient) or by acceleration time-historic.

2.

Topography and soil conditions
The effects of sample disturbance, underconsolidation, gas and preloading from sea
waves must be considered.

3.

Slope stability evaluation
Three different methods are presently
available, (1) limiting equilibrium analysis with a pseudo-static seismic coefficient, (2) liquefaction analysis in loose
to medium silt and sand, and (3) dynamic
analyses.

The overwhelming majority of marine slope stability analyses reported in the literature are
pseudo-static limiting equilibrium methods. Of
these, most are infinite slope analyses although Terzaghi (1956), Henkel (1970), and Finn
and Lee (1979) have applied curved failure surface methods. The analyses differ greatly in
how the effects of underconsolidation and earthquake are incorporated.
Figure 2 shows the free body diagram for infinite slope analysis of submerged slopes.
Earthquake loads are represented by equivalent
static forces Fv and Fh, obtained by multiplying the total mass of the slice by the vertical
and horizontal accelerations, av and ah.

1°1

-"'-----~----+--=-;-=--::::-::;:~/Slope

angle

Limiting equilibrium of infinite slope
subjected to earthquake, undrained case
(Morgenstern, 1967)

The effects of initial excess pore pressures
(due to rapid deposition, cyclic earthquake and
wave loading history, or the pressure of gas)
may be accounted for in undrained analyses by
the selection of a reduced undrained shear
strength (Terzaghi, 1956; Morgenstern, 1967).
This was first done by Hampton et al. (1978) in
their analysis of slopes in the Gulf of Alaska.
They computed excess pore pressures of about 88
percent of the effective overburden pressure.
This would reduce the macimum stable slope angle
from 24 to 2.4 degrees. A horizontal acceleration of 0.02 g reduced the maximum slope to 0.5
degrees, in good agreement with the slope angle
found in the field.
Finn and Lee (1979) have developed the most
general of the pseudo-static limiting equilibrium analyses appropriate for submarine slope
stability problems. Their analysis is an effective stress method of slices which accomodates
both circular and non-circular slip surfaces.
Earthquake loadings are represented by pseudostatic horizontal seismic forces applied at the
center of gravity of each slice.
Limiting equilibrium methods are generally easy
and inexpensive to perform. However, they
suffer from the shortcomings that (1) no information is provided on the stresses and deformations within the slope, (2) meaningful results
are obtained only if the assumed failure mechanism corresponds to the in-situ failure mechanism, (3) representing the dynamic earthquake
loading by an equivalent static force has serious limitations, and (4) a factor of safety may
not be a good measure of field performance for
earthquake loading.

Fv

-

~

'·

~..2=-)i
T

Failure plane

N

Fig. 2.

Fig. 3.

Free body diagram for infinite slope
analysis (Edgers, 1981)

If the soil liquefies, i.e. completely looses
its strength, slides will obviously be initiated
even in very gentle slopes. As summarized in
Seed's (1979) excellent state-of-the-art paper,
methods of analysis may be based either on (1)
comparison with observed performance in previous
earthquakes, or (2) laboratory determinations of
stress conditions causing liquefaction of soils.
Kleven (1980) provides a recent detailed review
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of available liquefaction analyses.
Further discussion of this problem is not included herein since the topic is treated in a
separate session of this conference. However,
it should be kept in mind that submarine soils
have stress histories (e.g. cyclic stresses induced by sea waves which are not usually recognized in conventional earthquake liquefaction) .
Furthermore, there are no evaluated experiences
of liquefaction of submarine slopes due to
earthquake loading.

Early studies of submarine turbidity currents
focused on explanations for the erosion of submarine telegraph cables (Heezen and Ewing, 1952;
Houtz and Wellman, 1962), and the formation of
sandy beds due to the transport of sandy and
pebbly sediments into deep water (Kuenen, 1964;
Heezen and Hollister, 1964). Morgenstern (1967)
and Moore (1978) have summarized available
observations regarding turbidity currents. Lowe
(1976), Pantin (1979), and Chu et al. (1979)
have presented some recent theoretical analyses
and review earlier theoretical work as well.

The last two decades have seen the development
of numerous dynamic analyses which considere
the inertial effects of the time variation of
loadings. Computer programs currently used to
calculate the response of two dimensional plane
strain models of embankment dams include iterative linear dynamic and non-linear dynamic
models (see discussion in chapter on design
procedures). A problem with the iterative
linear models are that the onset of failure
must be predicted in separate analyses (Seed et
al., 1975; Serff et al., 1976).

Studies of Middleton (1966) suggest that the
velocities of turbidity currents on flat slopes
are given by:

where:

u

velocity of the flowhead (em/sec)
acceleration due to gravity (cm/sec 2 )

g
P2

pl

=
=

density of the flow (g/cm 3 )
density of the overlying fluid (g/cm 3 )
thickness of the flow head (em)

=

empirical constant to account for nonuniform flow

h

Run Out Distance
The material in a slide may be transported in
more or less undisturbed blocks, in debris flow
or in a loose suspension. A hypotesis for the
evolution of the slide through the various
stages of flow is presented in Fig. 4
(Middleton and Hampton, 1974).

K

Recommended values of K, based upon the laboratory measurements of Middleton (1966) range from
0. 7 to 1. 3.
Viscous Flow Model
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Various stages in the evolution of a
submarine slide (Middleton and
Hampton, 1976)
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Newmark (1965) developed a means of estimating
the amount of downslope displacement of a rigid
block subjected to seismic forces.
The method
has been used by Franklin and Chang (1977) to
assess displacements for a wide range of earthquake records.
This method may be of value for analysis of
downslope movements in cases where the soil
retains sufficient strength after the shaking
to remain stable.

------------------

Morgenstern (1967) described an early viscous
flow analysis in which the soil shear resistance
consisted of a velocity dependent viscous component in addition to Coulomb friction. Major
limitations of this solution are that it requires a uniform slope and the flow mass to be
initially at rest. Also as an effective stress
method of analysis, it requires an evaluation of
the pore pressures during flow.
These are extremely difficult to evaluate.
Johnson (1970) analyzed subaerial debris flows
by means of a Bingham model (plastic-viscous
model with soil yield resistance, k, and linear
viscosity, nl. Suhayda and Prior (1978) extended Johnson's (1970) solution by including a
coulomb friction component based on the effective stress during flow.
The major limitation
of this analysis is that the results are extremely sensitive to the assumed viscous parameter and the pore pressures during flow.
Edgers (1981) has developed a computer program
for viscous flow to estimate velocity and run
out distance for submarine slides. Edgers and
Karlsrud (1981) use this model to backcalculate
previous slides, and obtains good agreement between his model and field observations for
reasonable estimates of viscosity and flow
heights, Fig. 5.
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Computed and recorded velocity and run
out distance for the Grand Banks slide
(Edgers and Karlsrud, 1981)
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Forces Against Structures
An estimate of the forces exerted by a slide
against a structure in its path requires that
an estimate be made of the thickness and velocity of the slide as it reaches the structure.
This is in itself difficult to estimate. However, even given these quantities there are
still no generally accepted methods for estimating the corresponding forces. Two methods
which have been used are (1) based upon the
ultimate capacity of laterally loaded piles and
(2) on the general drag equation for flow
around submerged objects.

Computed range in soil slide and sea
wave forces compared to foundation
capacity of a steel jacket platform
(Bea et al., 1980)
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The ultimate horizontal bearing capacity of a
pile in soft soil may be expressed as follows:
F=K•C•D

PILE

Fig. 7.

VELOCITY, DIAM /SEC.

Drag factor as function of relative
velocity (Schapery and Dunlap, 1978)

where:
F

ultimate lateral bearing force per unit
length

c

soil shear strength

D

projected width of the foundation element
a bearing capacity coefficient

K

The bearing capacity coefficient has been estimated to be about 4 at the mudline to values of
about 12 at depths of about 4 pile diameters
based on analyses of data from field load tests
on laterally loaded piles (Stevens and Audibert,
1979). Bea and Arnold (1973) and Bea et al.
(1980) describe the use of this equation for
estimates of the soil forces against piles for
a failure in the Mississippi Delta, Fig. 6.
Schapery and Dunlap (1978) measured rate dependent bearing capacity coefficients based
upon small scale model pile experiments.
Typical results are shown in Fig. 7.

The forces exerted by a slide on a structure in
its path may also be estimated by analogy with
the hydrodynamic drag of a flow around a submerged object. The general drag equation such
flow is:

where:
F0

the drag force

c0

drag coefficient depending upon the shape
of the submerged object and the Reynolds
number

p

density of the flow

A

the project cross-sectional area of the
object in the direction of flow

u

velocity of the flow

An estimate of the possible forces against a
gravity structure has been carried out for a
site on the west slope of the Norwegian trench.
It was found that the forces from a turbidity

112 1

current would most likely be one order of
magnitude less than the design storm wave force ,
(Tesaker , 1980).

depth of wat er , the 30 000 ton tanker suffered
very serious damage . Pipes and beams were
~ ,oken, and equipment and machinery were destr oyed, Fig. 8 .

It must be emphasized that such applications of
the hydrodynamic theory i s extremely approximate and has not been verified by field observations. Much additional work in t his area is
required .

ACCOOSTIC WAVES FROM EARTHQUAKES (SEAQUAKES )
Energy from earthquakes propagates through rock
and soil in the form of either shear or compressional waves . Since water have no shear
resistance, only compressional waves can exist
in water. The literature contains relatively
little information about the propagation of
such accoustic waves, or of their effect on
offshore structures .
Richter (1957) includes observations of the
effects of earthquakes on surface ships,
Bradner and Isaacs (1972) evaluate probabilities for various levels of pressure increase
on submarines due to ear thquakes. Hove (1981)
presents three case histories of damage to
ships in the open sea due to earthquakes,
Table II . He attributes the lack of more data
to the fact that "'most sailors or other people
- including scientists and engineers - do not
know that seismic waves can cause any effects
on vessels at sea" , and that such incidents
most often are explained by collision with a
"floating wreck" , grounding or explosion .

Damage to IDA KNUTSEN due to accoustic
waves from earthquakes (~ove, 1981)

Fig. 8 .

If the MM intensity is estimated from the information given in Table II, and compared with
intensity- values obtained onshore for similar
earthquake magnitude and distances (Krinitzsky
and Chang, 1977) , the values compare very well ,
•rable III .

The most serious damage reported by Hove occurred to the vessel IDA KNUTSEN during a 7.5
8 . 0 magnitude earthquake outside Gibraltar the
23rd of February 1969. Even if the vessel was
some 20 - 30 km from the epicenter on some 4000 m
TABLE II.
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Damage to ships in the open sea from earthquakes (Hove , 1981 )
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TABLE III.

MAGNITUDE

Ms

t~b

Comparison between intensity values
from damage to ships (Table II) and
average values onshore
tLM.
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from magnitude and

~il
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',- "'"· '
WATER
Vp = 1525 m/sec.

X-XI
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The effect of the 1904 Oslofjord earthquake in
the Oslo harbour was briefly mentioned in the
first part of this paper. The MM intensity
near the harbour onshore was VI, and the effects
onshore and offshore are comparable for this
earthquake as well:
Oslo, onshore (MM VI)
Felt by everybody.
Furniture displaced.
Broken glassware,
merchandise falls of
shelves, cracks in
plaster.

These data seem to indicate that:
Earthquakes are just as damaging to structures in the open sea as to structures onshore.
• The damage potential has equally wide distribution in the open sea as onshore.
• The depth of water has negligible effect on
the damage potential.
These conclusions are admittedly drawn on very
limited data, and may be overly conservative.
However, as long as neither additional data nor
other studies are available which show that
these data are erroneous or exceptions from the
normal, accoustic waves should be given more
attention in the design of both fixed and floating offshore structures.
~!:!e1Y~!~

Hove (1981) explains the presence of accoustic
waves by vertical propagations of compressional
waves through the base rock and the sediments,
and further through the water to the ship. A
similar assumption was used in the submarine
study for the evaluation of the pressure increase in the water (Bradner and Isaacs, 1972)
This model is similar to the model used in
seismic wave propagation analyses for soils,
and a one-dimensional analysis of the above
problem for the rock-soil-water system can
simply be performed by including a water column
above the soil. An example of a such analysis
carried out with the computer program SHAKE
(Schnabel et al., 1972) is shown in Fig. 9.

uc

I,,.::'~
.
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Oslo harbour
Water erupted as if
boiling, felt on
board like violent
heavy seas, hard
blows seemed to hit
the ship. Ships
came to full stop,
crew believed they
had grounded.

'PERIOD,

'

Fig. 9.
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One-dimensional wave-propagation
analysis in soil-water system

The P-wave velocity in the soil in the analysis
was based on the expression:
Vps

2
•

Ps

K + 4/3 • G

where:
Vps
K

P-wave velocity in the soil
bulk modulus of soil-water system, kept
constant independent of strain

Ps

mass density of soil

G

strain compatible shear modulus of soil
obtained from a separate analysis of the
same deposit subjected to the horizontal
component of the same earthquake

The damping in the soil was taken as the same as
the strain compatible value obtained in the
horizontal shear-wave analysis, the damping in
water was given an arbitrary, very low value.
The submarine study evaluated the effect of the
accoustic waves only in terms of the increase in
water pressure. However, the damage due to the
dynamic effects of the shaking may be equally
important, as the large response amplification
in the period range 0. 1 - 0. 5 sec. in Fig. 9
depicts, and the type of damage to IDA KNUTSEN
(Fig. 8) indicates.
It would be of considerable interest to carry
out similar analyses for the two-dimensional
case with the ship included. This could relatively easily be performed by computer programs
like for instance FLUSH (Lysmer et al., 1975),
which would give a crude check on the applicability of vertical wave-propagation models for
such problems - whether such analyses could explain the damage in Table II or not.
In addition to vertically propagating waves, it
seems not unreasonable to expect significant
contributions from waves travelling horizontally
in the water due to the very low damping values
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in the water. Additional energy may also be
released by submarine slides triggered by the
earthquake.

\

ASEISMIC DESIGN OF OFFSHORE STRUCTURES
The necessary steps in an aseismic design are
listed below:
• Seismicity study.
Design criteria.
• Site investigation, soil testing.
• Effect of local geology and soil conditions
on the ground shaking.
• Analyses of soil structure water system.
• Effect of ground shaking on the soil foundation and surrounding soil.
The geotechnical engineer will mainly be involved with the last four tasks. Several important topics in the design such as soil behaviour under dynamics loads, liquefaction, soil
structure interaction (SSI) and free field
design motions, are treated in separate sessions
at this conference. This chapter, therefore,
gives only a general outline of the design
procedure.
Problems specific for the offshore
environment are, however, pointed out, and some
of the problems which may be especially important in the offshore design are discussed in more
detail.
Seismicity Study
The study of the seismicity should give probabilities for various levels of earthquake loading, usually specified in terms of peak response values (i.e. maximum acceleration, velocity or displacement); amount of surface fault
movements, and characteristics of the ground
shaking (i.e. duration, frequency distribution,
energy in body and surface waves).
Important offshore: Energy in horizontally
travelling waves, energy in the low frequency
range.
g9~!~9~~e!!Y_!~e~~!!!~s-~e~~~

The effect of horizontally travelling waves or
out-of-phase motion in the soil may not be very
critical even for large offshore structures for
the following reasons:
• Frequencies above 1 hz will be filtered out
by a stiff foundation (Watt, 1978).
• Energy in frequencies above 1 hz will be
suppressed in the soil deposit if the energy
is transmitted to the system through waves
travelling horizontally in the bedrock
(Scanlan, 1976).
• Frequencies above 1 hz will be filtered out
from surface motions travelling more than
about hundred meters in a soil deposit (Seed
and Lysmer, 1980).
• The energy of long-period surface waves are
mainly transmitted through the deeper de-

posits and such waves are little affected by
the upper, low velocity soil deposits (Swanger
and Boore, 1978).
• Horizontally travelling waves in the deeper,
high-velocity layers cause near-surface motions similar to vertically propagating body
waves (Seed and Lysmer, 1980).
• Earthquke ground motions contain relatively
little energy in the form of surface waves
within a distance of 5 times the focal depth
(Pekeris and Lifson, 1965).
Considerations should be given to P- and Swaves in the near field, S-waves at varying
angles of incidence at moderate distances and
S- and R- (surface) waves at long distances
(Gazetas and Bianchini, 1978).
From the above may be concluded that relatively
little energy is transmitted in the form of surface waves in the soil. However, to account for
the uncertainties in the assessment of the surface wave energy, a conservative engineering
approach may be to analyse two cases, one with
all energy in the form of body-waves, the second
with a smaller amount, say 10 - 30% of the total
energy depending on distance, depth and source
mechanism in the form of surface waves. The
surface wave motion may be submitted to the
system at some distance (100 m) away from the
structure to filter out some of the high frequency components (Lysmer, 1981).
Design Criteria
Two design level~may be specified, (1) the
strength level and (2) the accidental (or ductility) level.
For the Norwegian Continental
Shelf, the two load levels currently being considered are specified in terms of earthquake
return periods of 100-200 years (0.5 -1.0 • 10- 2
probability per year) and 10 000 years (10- 4
probability per year).
Important offshore: consequences of failure,
effect of other environmental loads.
Optimum design for the strength level earthquake
is usually to allow some minor damage in the
structure. Allowable effects of the strength
level earthquake on the soil foundation is more
difficult to specify. A reasonable requirement
may be stresses and strains within the range
where the soil stiffness and strength do not
significantly detoriate and pore-pressure buildup is minor. This level may correspond to
strains within 0.1 percent for loose sands, 0.5
percent for medium and dense sands, and normally
consolidated clays, and 1 -2 percent for overconsolidated clays, Fig. 10.
The strength level earthquake may be based on an
optimum economic design where the costs of
failures are included.
This level is therefore
not only a function of earthquake probability
but also of the costs of strengthening the
structure, costs of failure and probabilities
for other environmental loads (Bea et al., 1979;
Bea, 1979).
The structure should be able to sustain the
accidental level without a catastropic failure.
This level is mainly a function of public concern and option - very low levels of probability
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Fig. 10.

Reduction in secant shear modulus
from the 1st cycle (G 1 ) to the 10th
cycle (G 1 o) in stress controlled
tests. The shear strain value is the
average value (value for 5th cycle)

are accepted for failures which may cause loss
of lives or large environmental damage. For
the soil foundation the performance for the
accidental level may be specified in terms of
maximum cyclic and permanent displacements and
post-cyclic stability.

Comparison between field and laboratory shear modulus values for a
slightly overconsolidated clay
Ttrne after Depostfton - ytOf'S

30~------------------------~----~'ro----~',oo~----~'ooo~~
•
0
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L oDorotory test data - Monterey No Q Sand
Los Ar"Qtles HorDor sand - dtd not liquefy at 11,.11 tncrease sl'lown
Hydro~,~ltc sand ftll from Lower Son Ftri'IOndo Oom

D

Site Investigation, Soil Testing
The soil profile and soil properties must be
established to the depth affected by the foundation, and in an area surrounding the struture within which slope failures may reach the
structure.
For earthquake loading, properties of the soil
·n the full range of strains are important for
he analytical results. Non-linear effects
uch as pore-pressure build-up, strain rate deendency of stiffness and strength, degradation
of stiffness and strength with time (number of
cycles) become important for higher levels of
loading.
Important offshore: Limited extent of soil investigations, more sample disturbance, in-situ
testing limited; presence of very soft and very
loose deposits which may have a high degree of
underconsolidation; rapid deposition and erosion, and presence of mobile superficial deposits; longterm dynamic loading from sea
waves; gas in sediments; high total in-situ
pressure from water.
§~~E!~_Q!§~~E~~~~~

Sample disturbances offshore are caused by the
sampling methods, difficulty in sampling of the
very soft and loose deposits, release of trapped gas and over-pressure from drilling mud.
Sample disturbance may reduce the maximum stiffness and the stress level causing liquefaction
by a factor of more than 2, Fig. 11 and 12.

~~.------7------Tt,o,-----7.,o~----~r-----~r-----~----__j, s
Ttme after Deposllton · days

Fig. 12.

0

Influence of period of sustained
pressure on stress ratio causing initial liquefaction (Seed, 1976)

Several studies of the effects of sample disturbance are available: for sands (Mulilis et
al., 1977; Singh et al., 1979), for clay
(Massarsch and Drnevich, 197 ; Anderson and
Stokoe, 1978). The degree of sample disturbance
may be measured by the residual pore-pressure in
the sample (Ladd and Lamb, 1963; Schjetne et
al., 1972).
Lee (1979) compares offshore in-situ strength
results with results from tests on samples obtained with different types of corers. The
strength obtained on samples from the best types
of corers was twice as high as those obtained
with regular samplers.
Methods to correct for sample disturbance have
been developed for the strength of clay (Ladd
and Foott, 1974; Ladd et al., 1979), for liquefaction potential of sand and silts (Mulilis et
al., 1977), for stress-strain behaviour
(Massarch and Drnevich, 197 ; Anderson and
Stokoe, 1978), for the maximum shear modulus
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value (Taylor and Larkin, 1978; Anderson and
Stokoe, 1978). Lee (1979) obtains strength
values within 20 percent of the in-situ values
by two different correction methods, one based
on empirical correlations between in-situ and
laboratory test strength as function of residual pore pressure, the other on the relation
between overburden and in-situ effective stress
obtained from triaxial tests.
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Storm waves impose dynamic loads on the sea
floor which increase the pore pressure in the
soil. Dissipation of this pore pressure may
render the soil in a more compacted state with
considerably higher resistance against liquefaction (Seed, 1979). The strength profile of
marine deposits is in some cases remarkably
similar to the increase in shear stresses with
depth due to storm load, Fig. 13. The effect
of such storm induced preshearing is to increase both the strength and the stiffness of
the soil. However, preshearing effects are
easily destroyed by small disturbances during
sampling and handling.
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Soil strength profile and shear
stresses from a 20 m wave. Note
difference in depth scale (from Bea
et al., 1980)
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Soil strength profile (Bea et al.,
1980)

The presence of gas in the sediments tends to
(1) increase the sample disturbance, (2) interfere with in-situ measurements, (3) influence
the pore pressure in the soil, and (4) change
the behaviour under loading (Sangrey, 1977;
Esrig and Kirby, 1977) .
The behaviour of the soil is little affected by
the presence of gas as long as the gas remains
in suspension. Esrig and Kirby (1977) find that
even with a relatively large amount of gas in
the soil, the high in-situ water pressure will
tend to keep the gas in suspension, Fig. 15.
However, reduction in total stress, by sampling
or by increase in shearing stresses in dilatant
soil, may release free gas and change the behaviour significantly.
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Even if all offshore soils within reasonable
water depths are subjected to some degree of
cyclic loading from sea waves, very loose and
soft soils are still present, Fig. 14. The
explanation for this may be similar to overcompaction; the soil approaches failure due to
the loading and remain in a state of low
strength.

I

Finn et al. (1970) found that small amounts of
prestraining increased, while higher strains
decreased the resistance against liquefaction.
Singh et al. (1980) suggest that preshearing
which generates less than 60% of the confining
pressure are beneficial for the resistance
against liquefaction.

Coefficient of Solubility, H - - - - - - i
- - - METHANE= .002
- - AIR=.02
75L-~---~-----L----~---~

60

70

80

90

100

MEASURED DEGREE OF SATURATION
AT ATMOSPHERIC PRESSURE, So, %

Fig. 15.

Comparison between measured degree of
saturation on board ship to predicted
degree of saturation in-situ (Esrig
and Kirby, 1977)
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The generation of free gas in sediments will
increase the pore pressure and tend to decrease
the soil strength .
Pockmarks , up to 300m wide and 1 0 - 15 m deep,
are found in the North Sea. The most likely
explanation is the release of gas from deeper
sediments or gas reservoir, r1g. 16 (Hovland,
1980).
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Methods based on hor1zontally travell1.ng waves
are also available (Udaka eta~ .• 1977, Swanger
and Boore, 1978 ). Gazetas and Bianch1.ni (1 978)
present a compar1son between results from horizontally and vertically propagacing wave analyses, with recorded values .
Y~E~!~~! -~2~!2~ -~~-~h~-~~e -~Q~~Q~

--- ·~

~ .

w1th stiffness degradation (OCHARM , Idriss et
al., 1978), non-linear with pore-pressure buildup and d1ss1pation (DESRA-II, Finn et al . ;
NESSA , Larkin, 1978) . A discussion and comparlson between different methods are given in
Finn et al. ( 1979).
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The presence of water above the soil will change
the vertical component of the ground motion .
The effect of the water may simply be 1.ncluded
as an additional layer in the soil response
analysis . An example of a such analysis js
shown in Fig . 1 7 (see chapter on " accoustic
waves" for further details) .
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. =-Pockmarks with disturbed
layers (Hovland , 1980)
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Effect of Local Geology ( Free F1eld Response)
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V - 1700m/se-c

The ef f ect of local geology and soil cond1tions
may be assessed from ( 1) empir1cal relations or
(2 ) computed by wave-progagation analyses .

Flg. 17.

For conditions where empir1cal data are scarce
or lacking , the effects of local geology and
so1l conditions may be evaluated by analyt1cal
procedures . A wide range of such procedures
arc available based on one-dimensional wave
propagation models , and these methods have
shown remarkably good agr~emcnt wilh recorded
values in a number of studies (e.g. Seed and
Idriss, 1970 ; Schnabel et al ., 1973; Gazetas
and Bianchini, 1978). Rowever, such studies
have not been carr1ed out to an extent that
allow a statistical evaluation of the accuracy
of these methods for different types of
problems .
Methods in present u se based on vertically
propagating waves wi th different assumptions
concerning soil behaviour are: iterative linear
with deconvolution (SHAKE , schnabel et al.,
1972), n o n-linear (CHARSOIL , Streeter and
Wylie, 1974; DENSOR , Larkin , 19 77) , non- linear
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Important offsho r e: Effect of water on the
vert ical ground motion, characteristics of
ground motion in very soft or loose deposits ,
on very deep alluvial deposits, and on deep
sedimentary rock layers.

No str o ng motion dala has been obt.ained offshore , and emp1rical relations (e . g . Seed et
al . , 1976 a ; Seed et ul., 1976 b; Trifunac and
Brady, 1976; Mohraz a nd Eskijian , 1978) are all
obtained from onshore records.

:: 1525 m/s~c

Vertical acce l erat ion re s ponse spectra
computed al the sea floor and at t h e
top of a similar soil deposit onshore.

Dynamic Analyses of So1l Structure Water Systems
A wide range of analytical tools have been developed in the last two decades , mainly as a
result of the efforts in the nuclear industry .
The methods may rouqhly be div1ded 1nto (1) uncoupled analyses , l . c . the soil foundation and
lhc structure are treated in separate analyses
(halfspace models , soil- lsland approaches) and
(2) analysis of the complete soil-structure
system . The so1l may be represented by iteratlve linear or non-linear stress - straln rclat:l.ons .
The effect of the water surrounding the structure is usually 1ncorporatcd into the analysis as
added structural mass.
:Important offshore : Vertical earthquake component , drag forces and added mass from wat er ,
effect of submerged weight on the soil properties , effect of additional strains due to SSI on
soil s tiffness a nd damping (secondary SSI ) •

Jl'27

§~~!_§!f~~t~f~-!~!~f~~~!~~-J§§!t
SSI effects can be divided into (1) effect of
static weight on foundation soil properties,
(2) relative movements occur between the structure a n d the free fi eld , but t~is motion is not
large enough to change the properties of the
soi l significantly (primary SSI) , and ( 3) the
relative movements between the structure and
the free field ar.e large enough to change the
properties of the soil beneath the structure
significantly (secondary SSI, Whitman, 19 76 ).
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While i t may be suffic i ent to consider the t wo
first effects for most onshore problems , the
large dimensions and masses of the structures
onshore , Fig . 18, may give a significant contribution also from secondary SSI .
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Strain compat ible soll foundation
properties by iterative response
spectrum ana l ysis

(PILAY, Novak, 1979 ; SPASM , Mat l ock et al .,
1 978; INTRA, Arno ld et al. , 1977) , no n-linear
(Stealth, Hoffman , 1 979 ; NESSI , Cundall et al .,
1 980; Zienkiewicz et al ., 1980).

ilry structu re

on land
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$(111 mass
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system

The basic mechanisms in determ~ning the water
pressure field around a str ucture ace (Watt and
Byrd , 1978):
1.

Fig . 18 .

Comparison of onshore and offshore
systems (Watt , 19 78)

The effects o f SSI on the stiffness and strains
can be evaluated by several a nalytical pr oce dures, in response spectral analyses by suc cessive i terat ions as illustrated in Fig. 1 9 ,
by modelling the stru ctu r e as an equivalent
soil layer in one-dime nsional analyses (Selnes ,
1978) or in a complete modelling of the soil
structure system in two or t hree-d imensional
analyses.
Available methods for such analyses are iterative linear, approximate 3 - D (FLUSH, Lysmer et
al., 1975), prob a bil i stic FLUSH tPLOSH,RomoOrganista et al., 1977) , axisymmetric FLUSH
(ALUSH, Berger et al., 197 5 ) , FLUSH for pile
foundations (PLLUSH, Kagawa, 1979), FLUSH with
horizontally, inclined or ver tically travelling
waves (SuperFLtJSH, CSI, 1980), pile foundations with nco-linear soil-pile elements

Drag force

This force is proportional to the cross-sectional area of the structu r e component and the
square of the relative velocity between the
structure and the fluid (see equation and dis cussion under chapter on submarine slides} .
Drag forces may be important in the upper part
of structures built in deep water and for e xposed risers and smaller componen ts of spaceframe structures.
2.

Inertia forces

The water surrounding the structure participates
in the motion effecting an apparent inc rease in
the moving mass - added mass. Fig. 20 shows
added mass coefficient as function of structura l
characteristics and frequ ency of motion. The
added mass coefficient is independen t of freguency for typica l offsh ore g r avity st r uctures .
Fig. 2 1 shows added mass coefficients for structural members of different dimensions and
d epths.

ltlll

selection of damping values (geometric and
material), and to obtain compalibility between
the soil and the structural analysis.
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Offshore structures are in many respects quite
different from most onshore structures. Large
foundation d i mensions make out-of-phase motions
from horizontally travelling waves more important. Large structures with additional mass from
the surrounding water have higb foundamental
periods, and duration and higher period components of earthquake ground motions becomes more
important. The reduced vertical loads due to
the boyancy of submerged structures increases
the importance of the vertical earthquake component,
Analytical procedure developed for onshore problems are extensively used offshore. However,
soil structure interaction may have more effect
on the responses offshore due to large dimensions and added mass from water. Non-linear
a naly-ses ma y be more desirable offshore since
studies seem to indicate that even very serious
e arthquake loading can be sustained with limited
movements of the structure.

a:

~

The presence of water in the offshore environment has considerable implications for the
earthquake geotechnology. The water complicates
site investigation, increases sample disturbance,
changes the characteristics of sea floor soils,
changes the earthquake g~ound motion, transmitts
compressional waves, changes dynamic characteristics of structures and introduces additional
large enviro nmental forces such as storm waves
and ice.
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SUMMARY AND CONCLUSIONS
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DISPLACED WATER

Added mass for uniform circular
cylinder (Nair, 1978)

Further studies of accoustic waves (seaquakes)
are clearly wanted . Case studie.s seem to indicate that such shaking may cause very serious
damage.
However, the mechanisms behind and
characteristics of seaquakes are not well established. Another topic in need of more research
is run out distance and forces against structures from submarine slides.
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